Aims Postmortem magnetic resonance (MRI) imaging is currently evaluated as alternative to traditional autopsy and myocardial infarction plays a key role therein. The aim of this study is to determine the suitability of postmortem MRI in infarction age staging.
Introduction
Postmortem imaging is being evaluated and validated to assess different causes of death in a minimally invasive manner. This is thought to serve as a future alternative to traditional autopsy in suitable cases in order to antagonize the reduction of postmortem diagnostics due to decreasing autopsy rates. 1, 2 Benefits such as the reduction of the emotional strain of relatives of the deceased as well as results of postmortem cross-sectional imaging in different injuries and diseases have already been described. [3] [4] [5] [6] [7] [8] [9] Only two studies concentrated on the postmortem cross-sectional findings of the heart and showed exemplarily that myocardial infarction is also detectable in postmortem magnetic resonance imaging (MRI). 10, 11 Until today, no aimed study investigated the appearances of different infarction ages in postmortem MRI.
As cardiac deaths represent the major portion of natural deaths in the first world, it is of particular importance that postmortem imaging can detect pathologies of the human heart. Macromorphological alterations such as hypertrophy or dilatation are less challenging in this context than the tissue alterations occurring during and after cardiac ischaemia. 10 However, as these are the most prevalent causes for cardiac deaths, regardless of insufficiency or arrhythmia, these tissue alterations have to be detected by postmortem imaging. As shown in previous studies, 10, 12 multislice computed tomography (MSCT) is an excellent tool for the detection of coronary calcifications, also postmortem, but fails in assessing critical tissue alterations of the myocardium. However, MRI can close this gap. 3, 10, 11 It is already known that myocardial infarction as well as collagenous myocardial scarring can be visualized in predominantly T2-weighted MRI sequences. Regarding the forensic importance of this issue, further questions need to be answered. Is early (peracute) myocardial infarction detection possible using postmortem MRI, which has been a challenge in traditional autopsy since decades? [13] [14] [15] Are there sequences that allow an improved assessment of myocardial infarction in postmortem imaging compared with the usually used T2-weighted sequences?
To address these questions, different stages of myocardial infarction, with different postmortem intervals (PMI), have to be investigated and a correlation to the histological alterations within the myocardium has to be performed under consideration of the particular case histories. This is intended to create a time course of the postmortem imaging appearances of myocardial infarction similar to histological time courses already compiled several decades ago. 16, 17 First immunohistochemical signs of myocardial infarction become visible after 2-4 h survival time. Ischaemia results in an early global acidosis (pH , 6.9) due to the consumption of the ATP. 18 Thereby, the ischaemic myocytes become increasingly susceptible to eosinophilic stains as a first visible sign in routine histology. In this timeframe, the occurrence of contraction band necrosis can be observed. 19 Single fibres or small groups of fibres show already a loss of striation, are swollen (cellular oedema), or thin and wavy. 16, 20 Usually there is a small subendocardial layer (0.3-0.5 mm) of surviving tissue, which is explained by an assumed oxygen diffusion through the endocardium. 17, 20 Thereby, in two situations such as intraventricular thrombi covering the endocardium and pathologically thickened endocardium, no surviving subendocardial layer can be expected. 21 As a frequent finding, haemorrhages occur focally within the infarcted tissue. The inflammatory reaction is commenced by the infiltration of polymorphonuclear leucocytes. The amount of infiltration increases progressively up to the fourth day. After the fifth day, the polymorphonuclear leucocytes become necrotic and begin to disappear. Simultaneously, mononuclear cells start the removal of the necrotic muscle by phagocytosis. Newly formed blood capillaries can be found, which start growing into the infarcted regions from the periphery to the ischaemic centre. Along these ingrowing vessels, fibroblasts reach the necrotic areas. The fibroblasts (today called fibroblastlike cells or myofibroblasts, as they express alpha-smooth muscle actin) start the formation of collagen (types I and III). 17, [22] [23] [24] The formation of collagen is moderately prominent at 3 weeks and reaches its maximum at about 3 months. This fibrous tissue reaction also encroaches noninfarcted myocardial regions but to a distinctively lesser extent. [25] [26] [27] These ongoing alterations seem only to be influenceable by an early revascularization during the first 4-6 h after the coronary occlusion, resulting in a reduction of the infarct size but not in a complete reversibility. 28, 29 Later, reperfusion does not influence the ongoing necrosis but accelerates subsequent inflammatory and remodelling reactions.
The aim of this study is to correlate MRI appearances of myocardial infarction to the macroscopic as well as the histological appearance in order to estimate the age of the infarction based on the MR images.
Methods
The study was approved by the local Ethics Committee.
Eight cases from the Virtopsy w project, which presented with myocardial infarction as cause of death, were included ( Table 1) . Eleven separately infarcted areas to be investigated were distributed within these eight cases. General full body scanning procedures and issues of logistics, costs, and used equipment have been described in detail in previous publications. 3, 10, 30 Additional to the thoracic scanning methods, the hearts of the investigated bodies were scanned using sequences that have been adopted as follows: short-axis, vertical, and horizontal long-axis images have been acquired using conventional clinical-used localizer settings; 31 T1-weighted (TE 15 ms, TR 400 ms) 2 mm slice thickness; T2-weighted (TE 96 ms, TR 4 s) 2 mm slice thickness (with and without fat saturation); stir (TE 14 ms, TI 133 ms, TR 3 s) 3 mm slice thickness; and flair (TE 217.5 ms, TI 2200 ms, TR 11002 ms) 3 mm slice thickness.
Histological correlation was performed after histological specimens of the entire circumference of the left ventricle, according to the short-axis MR images, were prepared. Histological stains included haematoxylin and eosin (H&E), van Gieson, and chromotrop-aniline-blue (CAB). The coronary orifices and the apex were used as anatomical landmarks that allowed comparing similar slice sections in imaging and autopsy. Histological grading was performed according to Table 2 from peracute, acute (early and late), subacute (early and late), and chronic infarctions.
The appendant antemortem anamneses have been examined to assess subjective or objective signs for the time point of onset, and combined with the histological age staging, the age of the ischaemia was determined. Table 2 displays the data of the included eight cases. Two cases showed no myocardial morphological signs of ischaemia (peracute), although an indicative anamnesis was present and an acute coronary occlusion could be found at autopsy. Four cases showed acutely infarcted regions, four 
Results
x indicates the histological occurrence of the finding; cen, central; mar, marginal; 0, no signal alteration visible; ", slight increase in signal; " ", distinctive increase in signal; #, slight decrease in signal; # # distinctive decrease in signal.
cases showed subacute infarcted regions, and four cases showed chronic infarction (combinations occurred).
Peracute ischaemia with subsequent death showed no assessable myocardial alteration in MRI or autopsy and histology. A fresh coronary occlusion was found to have caused death in these two cases.
Acute ischaemia (Figures 1 and 2 ) with histological central necrosis, peripheral oedema, and cellular reactions showed two different areas of signal behaviour. A signal reduction within the necrotic centre of the myocardial wall in T2-weighted, stir, and flair sequences was present. Predominantly, subepicardial marginal regions showed increased signals in T2-weighted, stir, and flair sequences. T1-weighted imaging failed to show distinctive signal alterations in the affected myocardial regions. Intramyocardial postinfarction haemorrhage caused the signal of T1-weighted images to increase slightly.
Subacute ischaemia (Figure 3) , histologically characterized by fibroblasts that form loose connective tissue replacing the necrotic fibres and ingrowing vessels, showed increased signals in T2-weighted, stir, and flair images. T1-weighted images failed to show signal alterations in these regions.
Chronic infarction (Figure 4 ) with definite collagen formation at histology showed a signal loss in all applied sequences, with distinctiveness decreasing from T2 to stir to flair to T1. Figure 5 gives the time course of MRI signals in postmortem MRI of myocardial infarction based on the investigated cases.
Discussion
The rapid further development of the modern crosssectional technique MRI already enabled its use in clinical routine to image structural changes within ischaemic myocardial tissue. Although motion artifacts aggravate diagnostics because of cardiac motion or respiration, clinical radiology has the advantage of contrast enhancing agent application, using the blood flow for its distribution. Thereby, the characteristics of enhancement are used to assess the size and age of the ischaemia. 32 In postmortem cardiac imaging, not yet having the possibility to assess late enhancements, this disadvantage seems to be caught up by the excellent image quality due to the absence of any cardiac motion or breathing-related artifacts. Nevertheless, already in the early eighties, unenhanced clinical MRI also showed promising results for the identification of myocardial infarction, using the significant increase in the water content (oedema) within the infarcted muscle. 33, 34 These early studies as well as following ones showed that there is a significant prolongation of the T2-relaxation time within the infarcted myocardium. [35] [36] [37] [38] T1-relaxation time was likewise prolonged, but to a lesser extent. 37, 38 Thereby, the image contrast was greatest on T2-weighted images. 37 This is so far in absolute concordance to our previously published results where we also stated that the contrast in myocardial infarction images was greatest in T2-weighted images. 10 Although the clinical cardiac MRI in recent years implements different contrast agents, application schedules as well as contrast agent and cardiac motion adapted sequences to assess cardiac pathology, [39] [40] [41] [42] postmortem cardiac MRI still depends on the imaging of the unenhanced structural alterations that occurred during the different stages of myocardial infarction.
Our results show that in peracute infarction, both autopsy and imaging failed to visualize myocardial changes. This is caused by the lacking survival time that would allow for vital reactions within the myocardium, such as oedema, necrosis, and so on. When ischaemia and death of the individual occur in close succession, these reactions are not possible anymore. Even autopsy and routine histology fail to discriminate between initial ischaemic myocardium and subsequent death with then 'global ischaemic' myocardium. In these cases, one still depends on coronary diagnostics showing stenosis or occlusions. Unfortunately, only half of these peracute cases present with an acute coronary lesion. 43 The remaining cases present with extra-cardiac signs of cardiac failure, but no pathological cardiac findings. If the 3 T scanners become more widespread, the higher resolution (matrix 1024 Â 1024) might allow for the detection of smaller, for example, oedematous myocardial alterations that can easily be overseen at autopsy but can nonetheless induce arrhythmias.
Furthermore, recent research efforts concentrate on the possibilities of increasing the significance of postmortem imaging by an application of postmortem contrast agents. 12, 44 As already shown in porcine ex vivo experiments, distribution defects of injected gadolinium could be simulated within the porcine myocardium. 12 Minimal invasively applied, this would allow for dealing with these forensic cases in a minimal invasive manner if necessary.
Acute infarction showed decreased signals in T2-weighted, stir, and flair sequences in central areas correlating to the necrotic zone within the infarcted area. This might be a result of the hypoperfusion that led to fewer protons within these tissue regions (hypothesis). Oedema and cellular reactions starting from peripheral regions caused the signals in T2-weighted, stir, and flair images to be higher in marginal parts of the ischaemic lesion. The proportion of necrotic central signal decrease to reactive marginal signal increase might be a useful hint for a more detailed estimation of the survival time in acute lesions. Of course, this needs to be investigated in a larger population of acute infarction cases. Postinfarction intramyocardial haemorrhage was the only histological finding that accompanied an increasing signal in T1-weighted images. Therefore, hyperintensities within T1-weighted images in regions that show infarction signs in T2-weighted images are strongly indicative for intramyocardial haemorrhage.
Subacute and chronic infarctions reach forensic importance as a cause of death due to a continuous reduction of the ejection fraction leading to acute cardiac insufficiency or by generating a lethal ventricular tachycardia. Thereby, these findings are essential in 40% of cardiac deaths when extra-cardiac findings such as congested internal organs indicate a cardiac failure as cause of death, but acute ischaemic myocardial findings are missing. 43 These stages can now also be differentiated by the signal behaviour in predominantly T2-weighted sequences.
Besides contrast agent injection as a promising adjuvant technique supporting postmortem imaging, diffusion weighted cardiac imaging might allow for imaging of fibre alterations, especially wavy fibres in early acute stages. [45] [46] [47] [48] We are convinced that postmortem cross-sectional imaging can serve as an alternative investigation tool when traditional autopsy is refused for different reasons. One major function of forensic medicine is to discriminate natural from non-natural deaths. To establish a minimal invasive postmortem imaging procedure as an alternative to traditional autopsy, postmortem cross-sectional imaging must be able to serve as a tool for assessing macromorphological changes and be able to replace the naked eye in a traditional autopsy. It is therefore thought to act similar to the eye of the forensic pathologist as a detection tool for local macro-pathological alterations and may allow an initial diagnosis but will normally depend on histological confirmation. Tissue specimen of pathological areas can be obtained using an image-guided biopsy technique, 49 and coronary diagnostics can be performed using minimal invasive postmortem angiography techniques available today. 12, 44 As these angiography techniques are implemented on the basis of MSCT, a minimal invasive case management will deserve a combination of both cross-section techniques as described in the virtopsy idea. 3 Especially, peracute infarction cases depend on angiographic coronary diagnostics to visualize stenotic alterations or occlusions.
Obviously, the major limitation of the presented study is the low number of included myocardial infarction cases. As a forensic institution predominantly investigating homicides, suicides, accidents, and deaths that occurred under unclear circumstances, the very common cardiac death due to myocardial infarction is not that common in forensic case material. Close collaborations with pathological institutes or cardiological clinics could result in a larger study population. Since the first CT and MR scanners have already been installed in forensic institutes (Copenhagen, Melbourne, and Bern), further studies become possible with less logistic efforts in the near future.
There are physiological postmortem alterations within the human myocardial tissue, which interact with the signal behaviour in MRI. Cessation of the circulation results in sedimentation of cellular blood components not only within the major vessels but also within the tissue of different organs including the myocardium. 50 These so-called internal livores can cause hypointense areas (T2-weighted imaging) in dependant myocardial regions, which should not be misinterpreted as a postischaemic lesion. As a second postmortem feature influencing the imaging appearance, rigor mortis needs to be mentioned. Similar to the rigor mortis within the skeletal musculature, the heart remains in a systolic situation when ATP reserves of the myocardium are exhausted. Being a ring muscle, this leads to an increase in intramyocardial pressure reaching from subepicardial to subendocardial regions. Thereby, interstitial fluids arrange in less-pressured subepicardial regions and cause a signal decline from subepicardial to subendocardial regions when the rigor mortis is at its maximum (PMI 24-48 h) or the myocardium is hypertrophic. This phenomenon is slightly visible in the hypertrophic lateral wall of case 8 as shown in Figure 4B . The third postmortem finding influencing MRI is a gas accumulation within the cardiac cavities due to either gas embolism or beginning putrefaction. These gas bubbles can cause imaging artefacts as occurred in the septum of the T2-weighted image in Figure 2B due to the gas within the right ventricle. Since human corpses do not retain the vital body temperature, postmortem MRI needs to define adapted scanning parameters. Forensic corpses have core temperatures normally ranging from 4 to 308C (with several exceptions such as burned or frozen corpses); therefore, there is a need to define new echo, inversion, and repetition times for closer temperature ranges that intend to increase the signal-and contrast-to-noise ratios in postmortem MR images. This is going to be addressed in an upcoming study of our group.
To our knowledge, there are no experiences with other myocardial alterations such as myocarditis in postmortem MRI until today. Potential differential diagnoses need to be addressed in specific future studies to define their postmortem imaging appearance. As long as the postmortem diagnosis in forensic medicine is based on a combination of imaging and image-guided biopsy with histological investigation, there is no risk for misinterpretation of images.
The results of the presented study demonstrate that postmortem-unenhanced MRI is able to visualize and discriminate the different stages of myocardial infarction. Thereby, it can serve-combined with minimal invasive angiography and biopsy techniques-as a future alternative to traditional autopsy in selected cases.
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